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Abstract 
In this paper, the measurement of dynamic stress generated in the suspension using TiO2, SiO2 and ZrO2 powder induced by 
Nd:YAG laser beam irradiation is proposed. The dynamic stress generated in the suspension by using elastic wave propagation in 
the cylindrical long bar is measured. As a result, the dynamic stress induced by laser beam irradiation was depended on laser power, 
powder materials and particle diameter. The dynamic stress generated in the TiO2 suspension was larger than that in ZrO2 and SiO2 
suspension. The dynamic stress increased with the decrease of the particle diameter.  
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi 
and Professor Paulo Bartolo 
Keywords: Pulsed Nd:YAG laser; Dental treatment; Elastic wave propagation; TiO2 powder; Suspension; Dynamic stress;  
1. Introduction 
In dental treatment, many types of lasers, such as 
Nd:YAG, Er:YAG and CO2 laser, are used for various 
hard and soft tissues which exist within the mouth 
crowding. It is applied to not only a substitution of a 
rotary cutting instrument [1] but also an addition of an 
acid resistance of enamel [2] and a scalpel for soft 
tissues [3]. Additionally, it is also expected that the 
application of laser beam to the dental treatment can 
decrease the stress to the patients because a laser 
treatment has less sound and vibration than a rotary 
cutting instrument.  
When the Nd:YAG laser beam with a wavelength of 
1064 nm is applied to the hard tissue treatment, the 
titanium dioxide (TiO2) powder is generally used to raise 
the absorbance of the laser beam. The TiO2 powder also 
has the bleaching effect and used for the dental 
whitening [4]. Additionally, it has been considerable 
interest in bactericidal effect induced by laser beam 
irradiation [5]. When the Nd:YAG laser beam was 
irradiated to the TiO2 suspensions which is including the 
bacteria, it was shown that the number of bacteria 
decreased according to the laser conditions in our 
previous study [6]. The bactericidal effect by laser beam 
irradiation might be cause by thermal, chemical and 
mechanical actions induced. However, very few studies 
have been reported on the mechanism of bactericidal 
effects induced by laser beam irradiation. The final goal 
of our study is to solve the mechanism of bactericidal 
effects induced by laser irradiation. The elucidation of 
sterilization mechanisms makes a possible to propose the 
effective application to not only the dentistry fields but 
also the medical fields.  
This paper deals with the measurement of mechanical 
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actions induced by the Nd:YAG laser beam irradiation in 
the TiO2 suspension. The dynamic stress induced by the
laser beam irradiation in the TiO2 suspension is
measured using elastic wave propagation in a cylindrical 
long bar. The stress intensity by laser beam irradiation is 
evaluated from the dynamic strain measured by small
semiconductor strain gauge. The influence of powder 
materials in the suspensions, such as TiO2, ZrO2 and 
SiO2 powder, on induced dynamic stress is investigated.
Additionally, the influence of particle diameter in the
suspension on induced dynamic stress is also evaluated
experimentally. 
2. Theory of elastic wave propagation in long bar
Fig. 1 shows the schematic illustration of elastic wave
propagation in a cylindrical long bar. It is assumed that a
length of the long bar is enough large compared with a
diameter of the long bar and other end of the long bar at 
the point Ef has free boundary. When a dynamic stress
(t) is loaded at the end of the long bar at the point Em,
an induced elastic wave travels without the
transformation so long as the diameter of the long bar is
small compared with the length of the induced elastic
wave and the long bar is not stressed [7]. Therefore, the 
dynamic stress A(t) at the point A after time t0 is shown
as following formula [8, 9].
The velocity C0 of the elastic wave propagation is
dependent on the bar material, and is shown as follows.
where E modulus and is density of the
material of the long bar. Thus, time t0 in formula (1) is 
calculated as follows.
where l0 is the distance from the point Em to the point A.
From formula (1) - (3), the dynamic stress at the point 
Em is obtained by transferring the dynamic stress at the
point A for the time interval t0.
When the traveled elastic pulse wave reaches to the
point Ef, the sign of the pulse wave is changed, that is,
the tension pulse that emerges is the same as the incident
compression pulse [7]. Therefore, the added stress at the 
point Em is given as follows [7].
where L(t) is the compression pulse wave propagated to
the right side and R(t) is the tension pulse wave
propagated to the left side. When the distance from the 
point A to the point B is same as l0, the dynamic force
A(t) at the point A and B(t) at the point B is given as 
the follows, respectively [8].
Form Formula (1) - (5), the dynamic stress loaded at the
point Em is calculated as follows [8].
Therefore, the dynamic stress loaded at the point Em
can be determined from the dynamic stress measured by 
the strain gauge SA at the point A and the strain gauge SB
at the point B, respectively.
3. Experimental set up and conditions
3.1. Laser Facility
In this study, a pulsed Nd:YAG laser facility (Altech
co., ltd.: STREAK I), which is mainly used for dental
treatment, is used. Using this laser can take compatibility 
with clinical experiment in the future. The specifications 
of this facility are given in Table 1. The wavelength is
= 1064 nm and laser energy and pulse duration can be 
adjusted precisely. A laser beam is irradiated to a target 
through a quartz optical fiber with a core diameter of 
400 m. A numerical aperture of this optical fiber is NA
= 0.37. The diameter at the edge of the optical fiber was
=226 m [10].
3.2. Measurement of induced dynamic stress
A procedure for the measurement of a dynamic stress 
generated in the TiO2 suspension induced by Nd:YAG 
laser beam irradiation is schematically illustrated in Fig. 
2, and the experimental conditions are given in Table 2.
The experimental setup was composed of a Nd:YAG
laser facility, the dynamic stress measurement unit andFig. 1. Schematic illustration of elastic wave propagation in long bar
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the suspension vessel. This system could measure an 
averaged dynamic stress generated in the TiO 2 
suspension by using elastic wave propagation in the long 
bar. The long bar was a diameter of b = 10 mm and a 
length of Lb = 2000 mm. The long bar made of 
aluminium alloy (ASTM: 5052) was applied to cancel 
the influence of the magnetostriction. The strain gauge 
used was a small semiconductor strain gauge (Kyowa 
Electronic Instruments Co., Ltd.: KSP-1-350-E4) with a 
quick speed of response, which are indicated as strain 
gauges SA and SB in Fig. 2(b). Strain gauges SA and SB 
were attached at the positions of 200 mm and 400 mm 
from the point Em. At each position, strain gauges were 
symmetrically attached with respect to the long bar not 
to affect the bending of the long bar. The frequency 
response of these strain gauges was 300 kHz. The  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
calibration was carried out using a wire strain gauge 
(Kyowa Electronic Instruments Co., Ltd.: KSP-1-120- 
C1-11), which was attached at the same position as the 
semiconductor strain gauge, as indicated in strain gauges 
WA and WB respectively. 
In this study, the TiO2, SiO2 and ZrO2 powder was 
used.The physical properties of the powders are given 
in Table 3. The suspension in each powder is kept 
constant to 30 wt% with distilled water. The suspension 
was injected into the suspension vessel and filled. The 
suspension vessel made of the aluminium alloy (ASTM: 
5052) was an internal diameter of i = 6 mm and a depth 
of D = 21 mm, so that the volumetric capacity was V = 
0.6 ml. The suspension vessel was set with the glue at 
the point Em. The optical fiber was inserted into the 
vessel through the pin hall which was set at the top face 
of the vessel, and the edge of the optical fiber was fixed 
at the position of 5 mm from the inner face of the 
suspension vessel.  
Laser  Nd:YAG(PW) 
Wavelength 1064 nm 
Laser energy EL 50 - 990 mJ/pulse 
Pulse duration 50, 100, 200 and 400 s 
Peak power P 1 - 4 kW 
Optical fiber  Quartz 
Core diameter c 400 m 
Numerical aperture NA 0.37 
Strain gauge   KSP-1-350-E4 
Gauge length Lgs 1 mm 
Resistance Rgs 350 W 
Amplifier   CDV-700A 
Frequency response   DC - 500 kHz 
Long bar     
 Material   Aluminium (ASTM: 5052) 
 Diameter fb 10 mm 
 Length Lb 2000 mm 
Suspension vessel     
 Material   Aluminium (ASTM: 5052) 
 External diameter fe 10 mm 
 Length Lv 31 mm 
 Internal diameter fi 6 mm 
 Depth D 21 mm 
 Volumetric capacity V 0.6 ml 
Table 1. Specifications of the laser facility 
Table 2. Experimental condition 
Fig. 2. Experimental setup for measuring dynamic stress 
(a) Overall view 
(b) Enlargement of long bar tip 
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4. Results and discussion
4.1. Output profile from the cylindrical long bar
Fig. 3 shows the calculated profiles at the edge Em in 
the cylindrical long bar by using the output profiles from
the strain gauges which is attached on the long bar by
formula (6). Here, the concentration of TiO2 suspension 
is 30 wt%, the laser energy is EL = 800 mJ/pulse and its 
pulse duration is kept constant to = 200 s. As is 
obvious from the graph, the elastic wave calculated at 
the edge of the long bar varied periodically and its
amplitude was decreased gradually. In this study, the
variation of induced dynamic stress at the edge of the
long bar is evaluated with the first amplitude of the
calculated elastic wave.
4.2. The effect of powder materials
Fig. 4 shows the variation of induced dynamic stress
with laser peak power. Here, the concentration of the 
suspension in each powder is kept constant to 30 wt%.
As is obvious from the graph, induced dynamic stress in 
the suspension increased with increasing the laser peak 
power in each powder. The application of TiO2 powder 
in the suspension is quite superior to that of ZrO2
powder and SiO2 powder. When the laser peak power is
4 kW, the induced dynamic stress is 750 Pa with TiO2
powder, 250 Pa with ZrO2 powder and 230 Pa with SiO2
powder. These differences can be explained on the basis
of the absorbance of the laser beam to each powder. The
dynamic stress in the suspension is induced when the
laser beam is absorbed to the powder and its powder is
evaluated. Therefore, the dynamic stress induced in the
TiO2 suspension is superior to that of ZrO2 and SiO2
powder, and resulted in the difference of the induced
dynamic stress.
4.3. The effect of particle diameter
The influence of particle diameter in the suspension 
on the induced dynamic stress is shown in Fig. 5. Here,
the concentration of the suspension in each powder is 
kept constant to 30 wt%. The induced dynamic stress
with the particle diameter of 0.02 m was larger than
that with the particle diameter of 0.4 m in each laser 
peak power. When the peak power was P = 4 kW, the 
induced dynamic stress in the TiO2 suspension with the 
particle diameter of 0.02 m reached the maximal value
and its value is = 1100 Pa. This is because the required
heat capacity for the evaporation of TiO2 powder is 
Powder TiO2 SiO2 ZrO2
Molecular weight 79.9 46 123.22
Density Kg/m3 4240 2651 5560
Melting Point K 2143 1883 3173
Boiling Point K 3200 3223 4573
Specific heat J/(kg K) 697 971 456
Thermal conductivity W/(m K) 6.54 1.55 1.95
Average particle size m 0.4, 0.02 0.8 1
Table 3. Powder Materials Properties
Fig. 3. Calculated dynamic stress at bar edge
Fig.4. The variation of induced dynamic stress with 
laser peak power
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depending on the powder volume, and its value in the
particle diameter of 0.02 m is smaller than that in the
particle diameter of 0.4 m. From these results, it is 
shown that the effective parameters for inducing the
dynamic stress in the suspension are absorbance of laser 
beam and the heat capacity.
The diameter of the long bar and the diameter of the
optical fiber is quite difference. The dynamic stress
measured in this experiment is the averaged stress which 
was induced at the edge of the long bar. The dynamic
stress induced at the edge of the optical fiber in the TiO2 
suspension is quite large due to the difference of the
irradiated area. In this study, it was shown that the
dynamic stress induced by the laser beam irradiation was
generated in the suspension. The possibility of 
influences of dynamic stress on the bactericidal effects
was revealed. The correlation between the induced
dynamic stress in the suspension and the bactericidal
effects induced by the laser beam irradiation is the
subject of future work.
5. Conclusions
In this study, the measurement of dynamic stress 
induced by Nd:YAG laser beam irradiation in the 
suspension was proposed, and the influence of powder 
materials and particle diameter on the induced dynamic
stress was investigated experimentally. The following 
results were obtained:
(1) The dynamic stress induced in the suspension
increased with the increase of laser peak power in 
each powder, and the dynamic stress induced in the
TiO2 suspension was quite superior to that in the 
ZrO2 suspension and SiO2 suspension.
(2) The difference of dynamic stress induced by laser 
beam irradiation was depending on the particle size
in the suspension, and the dynamic stress with the
particle diameter of 0.02 m was larger than that 
with the particle diameter of 0.4 m.
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